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ABSTRACT 
Electron microscopic autoradiography was used to investigate the relationship between 
melanin formation and thiol incorporation in premelanosomes of genetically defined chick 
embryos. 3H-dopa was used as the indicator of melanogenic capacity, 3 58-cysteine as a 
representative thiol compound, and "H-leucine for .control purposes since the latter is not 
specifically incorporated into melanoprotein. 
"H-dopa was selectively incorporated into wild type (e+fe+) melanocytes and was 
localized in melanogenic organelles as determined by comparison with "H-leucine incorpor-
ation. 358-cysteine also showed specificity for premelanosomes when compared to "H-Ieu-
cine, but its incorporation was not as great as that of "H-dopa. 
Cycloheximide reduced the mean number of 3 58-cysteine grains per J.1. 2 of premelanosome 
although specificity was maintained for premelanosomes, probably due to non-peptide bond 
formation between cysteihe molecules and melanin intermediates. Genetic substitution 
showed that both "H-dopa and 3 58-cysteine were incorporated in conjunction with 
premelanosome production. When prernelanosome synthesis was high (E/E tissue), both 
dopa and cysteine incorporation were high. When premelanosome synthesis was low (eY/eY 
tissue), both dopa and cysteine incorporation were low. Of the cysteine molecules 
incorporated into premelanosomes, sor:J.e reacted with melanin intermediates as " free" 
cysteines, while some became incorporated into t he premelanosomal proteins. 
These autoradiographic results support several previous reports which suggest that 
thiol-bearing premelanosomal polypeptides provide attachment sites for melanin interme-
diates through thioether bonds. These thiol polypeptides may be the mechanism by which 
melanin is securely linked to premelanosomes. 
Pigment granules or melanosomes are the char-
acteristic products of differentiated melanocytes. 
Chemically , they contain melanoproteins since 
their protein moiety is conjugated with melanin 
pigment (1]. Lerner and Case [2] and Mason [3] 
recognized that the pigment-protein attachment 
involves the sulfur atoms of the amino acid 
residues of the protein . Greenstein et al [4], after 
analyses of mouse melanoma melanin, also as-
sumed that the melanin-protein attachment sites 
contained a high proportion of sulfur-containing 
amino acids. Seiji et al [5 ] showed that isolated 
melanosomes from three types of mouse melano-
mas contain protein-bound thiols. Piattelli et al 
[6] presented evidence which strongly suggests 
that squid-ink melanin is attached to its protein 
t hrough a thioether bond involving cysteine. Fowl 
melanosomes, when analyzed using the same 
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methods , yielded similar results t, suggesting that 
melanin in this species is also attached to ·its 
protein through a th ioether linkage. 
The most obvious feature of premelanosomes is 
the protein matrix upon which melanin is depos-
ited during maturation. In this study, the sites of 
dihydroxyphenylalanine (dopa), cysteine, and 
leucine incorporation were compared in the dif-
ferentiating melanocytes of the fowl using high-
resolution autorad iography. Premelanosome - de-
velopment is associated with the incorporation of 
cysteine molecules as possible melanin attach-
ment sites. 
MATERIALS AND METHODS 
Developing organ cultures of dorsal trunk skin from 
chick embryos were grown in medium containing either 
"H-leucine, "H-dopa, or 35S-cysteine . Fertile eggs were 
obtained from three genetic stocks (E/E, e+ /e+, eY /e'") 
maintained in the Zoology Department, University of 
Nebraska- Lincoln. During development, melanocytes 
differentiate first in E!E embryos, then in e+!e+ em-
bryos, and lastly in eY/eY embryos [7]. This investigation 
made use of this genetically controlled variation in 
melanocyte differentiation . 
Seven-day embryos were removed from their eggs and 
t Stephens M, Brumbaugh J, Johnston R: Unpub-
lished results. 
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staged according to t he cr iter ia of Hamburger and 
Hamilton [8 ]. From 5-7 stage 30 and 31 embryos were 
used in each experiment . The dorsal trunk skin was 
removed from each embryo and placed, dermis down, on 
a Millipore fi lter (0.45-ll pore size) . The filter and 
attached tissue were then cut into anterior and posterior 
halves. These pieces were placed in quartered Petri 
dishes containing 2 ml of culture medium which con-
sisted of Weymouth 's solution (752/1, GIBCO) with 
chick serum (10%), penicillin (100 lllml), and strep-
tomycin (80 11gm/ml) added. Cultures were grown at 
38° C in an atmosphere of 95% 0 , and 5% C02. 
In three experiments e+fe+ cultures were grown for 34 
hours before being placed into labeled medium. After 34 
hours of culture, melanogenesis was just beginning in 
this genotype. In one experiment, the cultures were 
placed in medium contain ing 'H-leucine for 4 hours (2.6 
X w-• M; 19 Ci/mmole; 0.5 mCi/ ml; Amersham/ 
Searle) . In a second experiment t he cultures were 
labeled with 'H-L-dopa for 4 hours (1.2 x 10- • M; 41 
Ci/m mole; 0.5 mCi/ml; Amersham/Searle) . In the third 
experiment the cultures were labeled with 
L-cysteine-''S-hydrochlonde for 10 hours (1.35 X 10- 2 
M· 8 mCi/mole; 0.52 mCi/ml ; Amersham/Searle) . Half 
of t hese cult ures (alternate anterior and posterior pieces) 
were placed in medium containing only labeled cysteine, 
the other half into medium containing labeled cysteine 
plus cycloheximide (0.9 11gms/ml). 
In two add itional experiments, E/E and eY/eY trunk 
skins were cultured for 20 hours, at which time melano-
genesis had begun in E!E but not in eY/eY. In the first 
experiment the cul tures were labeled for 4 hours in 2.0 x 
10- • M 'H-L-dopa (26.4 Ci/mmole; 0.25 mCi/ml; Amer-
sham/Searle) , while in the second experiment they were 
labeled with L-cysteine-"S-hydrochloride for 10 hours 
(0.85 x 10- 2 M; 32.0 mCi/mmole ; 0.25 mCi/ml; Amer-
sham/Searle). 
At the conclusion of the labeling period the t issues 
were washed 3 times in unlabeled medium and fixed for 
2 hours with continuous shaking in 4% paraformalde-
hyde in 0.1 M phosphate buffer. The fixative was 
chang~d 4 times during the fixation period . Paraformal-· 
dehyde reduces nonspecific binding of amino acids to 
proteins by the fixative [9). After fixation the t issues 
were washed, postfixed in 2% osmic acid for 1 hour, 
dehydrated, and embedded in epon [10]. 
Ultra-thin sections were picked up on Formvar-coated 
nickel grids and stained with uranyl acetate and lead 
citrate [11]. The sections were coated with a thin layer of 
carbon and then with a monolayer of Ilford L-4 emulsion 
using the method of Caro and van Tubergen [12]. The 
melted emulsion was diluted with a solution of dioctyl 
sodium sulfosuccinate, a detergent, so that a dry film 
could be applied to the sections [13]. The grids were 
exposed for 3-12 weeks in sealed containers under freon 
gas at 4° C. 
Grids were developed fo r 2 minutes in Microdol -X and 
ftxed in a 20% sodium thiosulfate solution. The sections 
were viewed and photographed using an RCA EMU3-
B(modified) electron microscope . The end of the expo-
sure period was determined by developing test grids at 
regular int ervals until the number of grains was suffi-
cient for analysis. 
From 5-17 grids representing at least two different 
em bryos§ were sampled for each genotype and treat-
ment within an experiment. Three photographs of mela-
§ One embryo was sampled in the leucine experiment. 
nocytes were taken from each gr id and the data for each 
grid pooled . The probable origin of each grain was 
recorded, the area occupied by cytoplasmic components 
determined, and the number of premelanosomes and 
melanosomes counted. 
Each grain was assigned to a premelanosome or other 
organelle by examin ing the negatives with a dissecting 
microscope . The type of cellular material under t he 
center of each grain was assumed to be its origin. 
Background, as determined by counting the number of 
grains in an area without tissue, was less than 0.01 
grains/11 ' · Thus, no correction for background was 
necessary . The area occupied by the various cytoplasmic 
components was determined by recording the structures 
underlying each dot of a grid of even ly spaced dots (0.25 
em apart) superimposed on each negative. 
Grain concentration was calculated for the experi-
ments using e+fe+ tissue by dividing the percent of 
grains associated with a particular organelle by the per-
cent of tota l cytoplasmic area occupied by that organelle. 
Theoretically, if a label is distributed randomly through-
out the cytoplasm, no structure should have a quotient 
much greater than 1. If the labeled compound has some 
selectivity for an organelle, t hen the quotient should be 
greater than 1. The quantitative methods used in this 
study were similar to the methods of Ashley and Peters 
[14]. 
For t he e+fe + cysteine experiments the number of 
premelanosomal grains per square micron of pre-
melanosomal area was determined for each grid and the 
mean calculated. The mean number of grains per 
premelanosome was ascertained in similar fashion. The 
degree of melanogenesis was such that only premelano-
somes were present in these melanocytes. A statistical 
evaluation of t he differences between means wa de-
termined using Student's t-test. 
Because eY/eY tissues did not possess distinguishable 
melanocytes, even after culture, the data in T able IT! 
show t he incorporation of labeled compounds on a 
cellular basis only . The mean number of grains per 
square micron of t hin -sectioned protoplasm was estab-
lished for each genotype and treatment and the means 
compared using Student's t-tests . 
RESULTS 
During the culture period, the pieces of skin 
developed well -defined feather papillae contain-
ing differentiating melanocytes. Ultrastructural -
ly, these melanocytes were indistinguishable from 
melanocytes which differentiated in situ . They 
contained the usual cellular components, as well 
as the melanosomes, premelanosomes, and well-
developed Golgi system characteristic of melano-
cytes (Fig. 1). Thus, culture conditions allowed 
melanogenesis to proceed normally. 
The cells l abeled with 3H-leucine had what 
appeared to be an even distribution of grains. No 
particular areas of the cells were without label, nor 
did any areas have obviously high concentrations 
of grains. Premelanosomes occupied 9.8 percent of 
the cytoplasmic area and accounted for 18.1 
percent of the grains (Table I, first column) . Thus 
the grain concentration was 1.85 which suggests 
that there is at least some spec ificity of leucine for 
premelanosomes. This does not necessarily indi -
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FIG. 1. e+fe + mel anocyte showing incorporation of 'H-DOPA into the melanogenic organelles. Arrows point to 2 
grains originating from the same premelanosome. N: nucleus. x 37,000. 
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TABLE I 
Specificity of 'H-leu.cine, 'H-dopa, and " S-cysteine for prem elanosomes in e+Je+ m elanocytes 
'H-leucine ' H-dopa " S-cysteine 
3 t~oS-cyste ine 
(control) (cycloheximide) 
% cy toplasm ic grains • over premelanosomes 18.1% 78.1% 29.5% 27.5% 
(106/585) (200/256) (135/458) (47/ 171) 
% cytoplasmic areat occupied by premelano- 9.8% 10.8% 9.2% 6.4% 
somes (20/204) (39/360) (61/664) (54/847) 
Grain concentrationj: 1.85 7. 23 3.21 4.30 
* The numerator in parenthesis indicates the number of gra ins over premelanosomes and the denominator the 
total number of grains counted. 
t The numerator in parenthesis indicates the JJ. ' occupied by premelanosomes and the denominator the total 
number of ·JJ. 2 • 
:j: % grains/% area 
cat e that leucine is specifically incorporated by 
the melanin-synthesizing system. Any organelle 
possessing a higher protein concentration than the 
"average" of the cytoplasm would , of course, have 
a quotient greater than 1. This was true of 
mitochondria in both leucine-labeled (grain con -
centration = 1.46) and cysteine- labeled (grain 
concentration = 1.3) cells. 
'H-dopa, as expected, was selectively incor-
porated into melanocytes and was localized in the 
melanogenic organelles . Because these cells were 
in the early stages of differentiation, very few 
melanosomes were encountered. Figure 1 is a 
typical melanocyte and shows that nearly all of 
the silver grains were associated with premelano-
somes. The arrows indicate two grains labeling 
one premelanosome. Premelanosomes occupied 
only 10.8 percent of cytoplasmic area but ac-
counted for 78.1 percent of the label (Table I , 
second column) . Therefore the grain concentra-
tion was quite high (7 .23) , almost four times that 
of ' H-le ucine. 
3 58-cysteine showed a greater specificity for 
premelanosomes than did 'H-leucine but the 
specificity was not as great as with 'H-dopa. As 
shown in Table I (third column), 29.5 percent of 
the label was associated with premelanosomes 
which occupied 9.2 percent of cytoplasmic area . 
Thus the grain concentration over premelano-
somes was 3.21, over 1.7 times that of 'H-leucine. 
Figure 2 · illustrates cysteine incorporation in a 
melanocyte dendrite. The arrows point to three 
labeled premelanosomes. It should be noted that 
the large grain connected to the larger premelano-
some by a black line was not counted as origina-
ting from the premelanosome because it is not 
direct ly over its probable source, even though it is 
recognized that 358 has a higher emission energy 
an d lower resolution than 'H (15]. Thus, it is 
likely that the methods used in this study under-
est imated t he amount of cysteine incorporated 
into premelanosomes. 
M elanocytes cultured in cycloheximide ap-
peared viable at the end of the culture period. 
Ultrastructurally, they resembled control cells 
except that the area occupied by premelanosomes 
was definitely reduced from 9.2 to 6.4 percent 
while the percent of premelanosomal grains was 
reduced on ly slightly, from 29.5 to 27.5 percent 
(Table I, fourth column). This change raises the 
premelanosomal grain concentration in cyclohexi-
mide-treated melanocytes to 4.30. This is under-
standable since thiols can react with melanin 
intermediates [16- 18]. Because tyrosinase was 
present at the time of cycloheximide administra-
tion, the production of melanin intermediates 
continued. The cysteines probably combined with 
these molecules, specifically labeling premelano-
somes. 
Not only was the area occupied by premelano-
somes reduced by cycloheximide, but also the 
number of premelanosomes/ f.L 2 of cytoplasm was 
decreased . Control tissues had 0.89 premelano-
somes/f.L 2 of cytoplasm. Following cycloheximide 
the number/ f.L 2 was decreased to 0.78. 
Cycloheximide definitely affected 358-cysteine 
incorporation into premelanosomes. The mean 
number of premelanosome grains per f.L 2 of pre-
melanosomal area was reduced from 2.28 to 0.87 
(Table II) . This effect was also evident when 
calculated on a premelanosome basis. Cyclohexi-
mide reduced the mean number of grains per 
premelanosome from 0.28 to 0.07 (Table II). These 
differences are statistically significant . 
Genetic substitution at the E locus had a 
profound effect upon the ability of chick-skin cells 
to incorporate both 3H-dopa and 3 58-cysteine . The 
early differentiating E/E skin possessed well -
developed melanocytes containing melanosomes 
and premelanosomes. They incorporated almost 
20 times as much ' H-dopa as neighboring non-
melanocytes, and almost 27 times as much as 
eY/eY epidermis (Table III) . No premelanosomes 
were visible in any of the eY /eY cells at the end of 
the cu lture period. A similar genetic effect was 
noted when 358-cysteine was used instead of 
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FIG. 2. e+Je+ melanocyte dendrite showing the incorporation of "S-cysteine into premelanosomes . Arrows point 
to labeled premelanosomes. x 30,000. 
TABLE II 
Effect of cycloheximide upon the incorporation of "S-cysteine into the prem elanosomes of e+fe + m elanocytes 
Control Tissue Cyclohexim ide-
(n = 9) treated Tissue p (n = 9) 
Mean number of premelanosome grains per JJ. 2 of pre- 2.28 0.87 .005 > p > .001 
melanosome area (135/61) (47/54) 
Mean number of grains per premelanosome 0.23 0.07 .005 > p > .001 
(135/594) (47/665) 
The numerator in paren thesis indicates the number of grains counted and the denominator the area occupied by 
premelanosomes (row 1) or the number of premelanosomes counted (row 2) . 
3H-dopa. E!E melanocytes incorporated almost 
2.5 times as much label as neighboring non-
melanocytes and nearly 3.7 times as much label as 
eY I eY epidermis (Table Ill). These differences are 
statistically s ignificant. 
DISCUSSION 
Because the results of the leucine experiments 
showed that leucine had some specificity for 
premelanosomes, it is possible to conclude that 
premelanosomal proteins were synthesized during 
the labeling period. This is not surprising since we 
were deliberately trying to study melanocytes 
which had just begun melanogenesis. Seiji and 
Ogata [19] found only low levels of "C-leucine 
incorporated by the melanosomes of melanomas. 
Since they probably assayed more mature mela-
nocytes, it is possible that they missed the mo t 
active period of premelanosomal protein synthe-
sis . 
The specificity of dopa for premelanosomes wa 
much greater than that of leucine because it is a 
melanin precursor and because little , if any, is 
incorporated into cellular proteins. Cysteine mole-
cules were intermediate between leucine and dopa 
in specificity which suggests that there were two 
possible means by which the 358-cysteine mole-
cules became associated with premelanosomes. 
One possibility is that the cysteine molecules were 
not incorporated into protein but became a part of 
the melanin by reacting with melanin intermedi-
ates. The second possibility is that some of the 
cysteine molecules were incorporated into pre-
melanosomal proteins. 
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TABLE III 
Comparisons of the incorporation of ' H-dopa and 
35S -cysteine into E!E melanocytes, E!E 
non-melanocytes, and eY/eY epidermis 
E/ E non- E!E eY/eY 
melanocytes me lanocy tes epidermis 
'H-dopa (n = 5) (n = 11) (n = 12) 
0.0:39 0.750 0.027 
(26/648) (272/385) (59/2160) 
.005 > p > .001 .001 > p 
05S-cysteine (n = 17) (n = 11) (n = 12) 
0.077 0.188 0.051 
(195/2486) (114/673) (265/5156) 
.005 > p > .001 .005 > p > .001 
The numerator in parentheses indicates the number of 
grains cou nted and the denom inator the num ber of 11 2 -Qf 
protoplas m examined. 
Prota [16] has shown t hat cyste ine reacts with 
the melanin intermediate , dopaquinone, to form 
alanine-thio-dopa in the absence of any enzyme 
under physiologic condit ions. This compound is 
the basic uni t of the pheomelan ins. S imilar 
thioeth er bonds between other thiols and melan in 
interme di ates have been re ported [17, 18] . 
Theoretically, if t he melanin intermediate -thiol 
reaction had taken place in the complete absence 
of protein synthesis (cycloheximide treatment) , 
100 percent of the 3 68-cysteine grains should have 
been over premelanosomes and none at other 
cytoplas mic sites. This would give t he label a very 
high specificity. Because the cycloheximid e and 
358-cysteine were added simultaneously to the 
cultures and because only a modest level of 
cyclohex imide was employed , it is reasonable to 
conclude t hat some protein synthes is occurred . 
Grain concentration over premelanosomes, howe-
ver, was increased from 3.21 to 4.30 by cyclohexi-
mide treatmen t (see Table I) , indicating that 
some melanin intermediates had reacted with the 
added cysteine. Some of the grains associated 
with t he premel anosomes in control tissues can 
also be attributed to this reaction. 
The second possibility, that some cyste ine 
molec ules were incorporated into premelanosomal 
proteins, is also true. First ly, the leucine experi-
ments established t hat premelanosomal proteins 
were synthes ized during the labe ling period. It is 
reasonable to conclude t hat cysteine molecules 
were incorporated into these proteins . Analyses of 
melanoma (5) , squid ink [6], and fowlt melano-
proteins have shown that they do contain cys-
teine. Secondly, cycloheximide not only reduced 
the number of ••S-cysteine grains associated with 
premelanosomes, but also reduced the number of 
premelanosomes per uni t area of cytoplasm. Since 
a pigment granule does not start as a melanin 
polymer, but as a protein-containing premelano-
some, it is obvious how cycloheximid e treatment 
affect s the prod uction of premelanosomal protein . 
Thirdly, the t issues were t reated with several 
kinds of solvents during processing. The autorad i-
ographs give information about incorporated or 
very t ight ly bound molecules only. Prota et al 
[20 ] have shown that alanine-thio-dopa and some 
of the succeeding intermediates in the pheomela-
nin pathway, particularly those associated with 
the early stages of melanogenesis, are soluble. 
Therefore, it is likely that many of the reaction 
products between ' 'free" (non-protein) cysteines 
and melanin intermediates were lost during proc-
essing. It is reasonable to conclude that a sub-
stant ial portion of the labe led cysteines associated 
with premelanosomes in control melanocytes were 
actually incorporated into proteins. T hus, the re-
duction caused by cycloheximide or gene ubstitu-
tion was due in part to t he reduced synthesis of 
these proteins. 
The comparisons between the EIE and eY/eY 
tissues actually involved differences in pre-
melanosome synthes is due to gene action in these 
mutants. It was poss ible to compare, in the 
absence of inhibitors such as cycloheximide, t he 
differences in the incorporation of dopa and cys-
teine in melanocytes which were producing pre-
melanosomes (E/E) and t hose which were not 
(eY / eY) . Under these circumstances the non-
melanogenic metabolic pathways are unaffected. 
Apparently, both 3H-dopa and 358-cysteine were 
incorporated in conjunction with premelanosome 
product ion . When premelanosomes were being 
actively synthesized (E/E tissue) both dopa and 
cysteine incorporation were high . When pre-
melanosome synthes is was attenuated (eY/ eY tis-
sue) , both dopa and cyste ine incorporation were 
low. 
The resul ts of the genetic experiments couple 
both cyste ine incorporation and dopa incorpora-
t ion with premelanosome synthesis while the cy-
cloheximide experiments showed that some cys-
te ine incorporation was assoc iated with protein 
synthesis. It is possible that some of the protein-
incorporated cysteines provided attachment sites 
for melanin in termediates . Lerner and Case [2] 
and Mason [3] have suggested that cysteine-con-
taining proteins react with melanin intermediates 
to form melanoprotein . This correlates well with 
the melanin degradation studies of squid ink [6 ] 
and isolated fow l melanosomes:j: which indicate 
that melan in is attached to protein through a 
thioether linkage. Peracetic ac id treatment of 
previously acid-hydrolyzed melanoprotein yielded 
the oxidation products of cysteine- cysteic acid 
and taurine. It was assumed that only a thioether 
bond could withstand ac id hydrolysis and allow 
cysteine to remain coupled with the melanin 
polymer. 
The fact t hat a reaction can occur between 
thiols and quinones [3, 16- 18 ], t he indications of 
t he degradat ive studies (6 ,:j: ), and the autoradio-
graphic resul ts ofthis study, when t&ken together, 
suggest that cysteine -bearing polypeptides pro-
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vide attachment sites for melanin intermediates. 
It is reasonable to hypothesize that the genetic 
prograrr. for premelanosomal polypeptides pro-
vides for periodic insertions of cysteines. The 
quinones produced by the action of tyrosinase 
could then react with premelanosomal cysteines 
to form thioether-linked intermediates. Addi-
tional molecules of substrate polymerized on this 
framework would eventually produce a melanin 
securely linked to its protein carrier, the pre-
melanosome. 
There are several other possible ways that 
cysteine and other thiol compounds might be used 
by melanocytes . Certainly, thiols are important in 
the function of various molecules essential to all 
cell types. The hypothesis suggesting that cysteine 
molecules in premelanosomal proteins provide 
melanin attachment sites does not negate the role 
of thiols in pheomelanin production [16). The 
cysteine incorporation studied in this investiga-
tion occurs earlier in development than that as-
sociated with pheomelanin synthesis, since 
Brumbaugh [21) has shown that the terminal step 
in pheomelanocyte differentiation in the fowl also 
involves a definite increase in thiol concentration . 
The excellent technical assistance of Dr. K . W. Lee is 
gratefully acknowledged . 
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